Abstract-In Part I of this paper, we detected elements blocked by ribs during simulated and in vivo transcostal liver scans, and we turned those elements OFF to compensate for the loss in visibility of liver vasculature. Here, we apply blockedelement detection and adaptive compensation to large syntheticaperture (SA) data collected through rib samples ex vivo, in order to reduce near-field clutter and to recover lateral resolution. To construct large synthetic transmit and receive apertures, we collected the individual-channel signals from a fully sampled matrix array at multiple and known array locations across the tissue samples. The blocked elements in SAs were detected using the method presented in Part I and retroactively turned OFF, while the subapertures covering intercostal spaces were either compounded, or coherently summed using uniform and adaptive element-weighting schemes. Turning OFF the blocked elements reduced the reverberation clutter by 5 dB on average. Adaptive weighing of the nonblocked elements to rescale the attenuated spatial frequencies reduced sidelobe levels by up to 5 dB for the transcostal acquisitions, and demonstrated a potential to restore lateral resolution to the nonblocked levels. In addition, the arrival-time surfaces were reconstructed to estimate the aberration from intercostal spaces and to offer further means to compensate for the loss of focus quality in transthoracic imaging.
such structures, and wavefront distortions and reverberation induced by intercostal soft tissues can make it difficult to preserve signal coherence across large array surfaces. Both mechanisms degrade the quality of transthoracic scans and diminish diagnostic benefits of increased aperture size.
In a companion paper, we described simulation and in vivo studies in which we imaged liver vasculature transcostally using a clinical 2-D array. We demonstrated a method to detect elements blocked by ribs, and we turned the blocked elements OFF to compensate for the resulting loss of vessel contrast and contrast to noise ratio (CNR). Here, we apply blocked-element detection to large synthetic-aperture (SA) data acquired through rib samples ex vivo, and we evaluate adaptive beamforming methods aimed at recovering the loss of image quality.
Several methods have been proposed for alleviating beam degradation during high-intensity, focused ultrasound (HIFU) treatment through the ribs [1] [2] [3] [4] [5] [6] . In the time-reversal mirror approach (or equivalently, the phase-conjugation method if a continuous wave is transmitted instead of pulsed beams) [1] , [3] , [4] , signals from a point source located at the focus are recorded, time-reversed, and reemitted on each element. Alternatively, elements located in the geometric shadow of ribs are turned OFF while the remaining transmit (Tx) elements are uniformly weighted; this is referred to as a geometric approach [2] , [4] . The time-reversal/phase-conjugation method accounts for diffraction effects and distributed tissue inhomogeneities, making it more effective than the geometric approach at reducing sidelobe levels (SLLs) at the focal plane and energy deposited on ribs. However, it requires the physical presence of a point source at the focus, or modeling wave propagation from a point source using CT or MRI data [1] , [7] , [8] .
In an ex vivo experiment, Aubry et al. [1] applied the timereversal mirror to focus a Tx beam behind a sample of porcine ribs. The correction resulted in a 5-dB decrease in sidelobes, while the ratio between the energy delivered at the target location to the total emitted energy increased six times. As a part of the same study, the geometric approach was simulated with qualitatively similar results, except the energy-increase at the target location was 13% lower than for the time-reversal mirror. Bobkova et al. [4] compared geometric and timereversal-based compensation methods directly in simulation, for an idealized spherical radiator. 1 Both approaches yielded approximately a twofold increase in intensity at the focus (compared with no compensation), while the time-reversal resulted in slightly less energy deposited on the ribs than the geometric approach (1% versus 7.5% of the total output power).
To improve the efficacy of a transcostal HIFU treatment, Ballard et al. [5] implemented adaptive focusing on a dualmode (imaging plus therapy) array. Complex weights for the array elements were computed by solving a constrained optimization problem where the goal was to maximize the intensity at the target location and minimize the intensity across the ribs. Images obtained with the array were used to infer locations of the ribs and the target. Over six ex vivo acquisitions, the adaptive focusing scheme increased echogenicity (i.e., integrated backscatter value) of target relative to the echogenicity of rib by 7-20 dB, while the corresponding increase in temperature was by a factor ranging from 1.7 to 6.7.
An adaptive beamforming method for improving the quality of transthoracic images was developed by Li et al. [9] . They used the information from multiple receive beams and the total least-squares method to estimate and suppress the undesired sidelobe contributions in the presence of blocked elements. The approach by Li et al. [9] was effective in improving phantom images of point targets and distributed targets but the additional complexity of bimodal targets prevented its in vivo implementation.
In Part I of this paper, we presented a method to detect blocked elements and measured the resultant image degradation in in vivo studies. In the following, we apply the blockedelement detection and adaptive compensation to large SAs while imaging point targets through canine thoracic specimens with ribs ex vivo. Specifically, large synthetic Tx and receive (Rx) apertures spanning across multiple ribs are created by collecting the channel data from a fully sampled clinical matrix array at multiple, known array locations. To improve image quality, blocked elements are detected and retroactively turned OFF, while the apertures covering intercostal spaces are either compounded, or coherently summed using uniform and adaptive channel-weighting schemes. Clutter levels and point-spread functions (PSFs) are measured to evaluate the compensation methods, and to assess the effect of aperture size on image quality. As a tissue control, some of the beamforming schemes are also applied to SA data collected through a section of canine abdomen, in the absence of acoustic obstacles but with other sources of clutter. The arrival-time surfaces are reconstructed for all acquisitions to estimate the tissue-induced aberration, and to offer further means to compensate for the loss of focus quality in transthoracic imaging.
II. METHODS

A. Large Coherent 2-D Aperture Acquisitions
Large coherent 2-D aperture data sets were created by collecting full synthetic data from a Siemens 4z1c matrix array (Siemens Medical Solutions USA, Inc.) at multiple and known array positions. This fully sampled 2-D array, which has also been used to collect the in vivo liver data in Part I, has a 1.92-by-1.44 cm aperture footprint, and its elements are grouped in square subapertures that are beamformed to result in 192 system channels. With the full synthetic sequence, signals were collected for each Tx/receive pair of channels. The array was connected to a modified Siemens Acuson SC2000 scanner (Siemens Medical Solutions USA, Inc., Mountain View, CA, USA) that has a 64:1 parallel-receive capability, which was used to increase acquisition rate of channel signals as described in [10] .
The 4z1c array was positioned using a high-precision motorized translation stage setup that provided four degrees of freedom. Specifically, the setup consisted of three linear translation stages arranged orthogonally to one another (2 x Newport UTM100, 1 x Newport ILS100, Newport Corporation, Santa Clara, CA, USA), and of a rotation stage (Newport URS50) that allowed the transducer to be rotated around its elevation axis. The accuracy of the linear translation stages was better than 5 μm and their unidirectional repeatability was better than 1.5 μm. The rotation stage had a specified accuracy of 0.03°a nd a unidirectional repeatability of 0.002°, and provided a range of motion of 180°. By adjusting the angle of rotation around its elevation axis, the transducer could be mechanically steered to image the same region of interest from different lateral locations. The translation stage assembly was fixed on top of a 21 × 10 × 8 acrylic water tank.
The full-SA data were collected at five lateral transducer positions spaced half-of-the-transducer length apart. At each position, the transducer was mechanically steered toward the region of interest. This ensured that Tx beams fired from individual elements at different array positions achieved maximum overlap necessary to synthesize high resolution images. Synthetic Tx/Rx data from different array positions were summed to increase the lateral extent of a 4z1c aperture (1.92 × 1.44 cm) and generate a large virtual aperture (5.76 × 1.44 cm). Throughout this paper, apertures spanning the physical transducer surface at each of the five locations are referred to as physical apertures. An aperture spanning all five overlapping transducer positions is referred to as a large SA. The geometry of the setup employed to collect large SA data is shown in schematics in Fig. 1 .
B. Ex Vivo Experiments
Using sequences and setup described in Section II-A, channel signals from the large coherent 2-D aperture were acquired from a custom-designed point-target phantom. The phantom consisted of a sapphire sphere 0.2 mm in diameter and suspended in a slab of gelatin. The phantom was imaged through freshly excised sections of canine chest wall and through a section of canine abdomen. For each acquisition, the tissue samples were placed directly underneath the array. The phantom and tissue were immersed in a tank filled with a 10:1 mixture of water and n-propanol that had a speed of sound of approximately 1540 m/s. 170 g of salt was added to 19 L of mixture to make it osmotically neutral and preserve the internal tissue structure. The exact amounts of water, alcohol, and salt used in the mixture were based on the models presented in [11] [12] [13] . For the transcostal acquisitions, the Fig. 1 . Schematics of the setup used to acquire large SA data. Dashed lines indicate the look-direction for each of the five transducer positions. All look directions intersect at the point-target location, which is denoted with a red circle. Adjacent apertures overlap by half-of-the-aperture length, and the resulting SA is three times longer than an individual 4z1c aperture. Red and blue are used to distinguish between the adjacent apertures. rib samples were oriented with respect to the direction of transducer translation so that the resulting large SAs-spanned multiple ribs. After each tissue acquisition, a control data set was acquired by imaging the phantom through a wateralcohol path only. All data were acquired using a Tx frequency of 2.5 MHz. A photo of the imaging setup taken during a transcostal acquisition is shown in Fig. 2 .
C. Blocked-Element Detection and Compensation
To detect blocked elements during the transcostal acquisitions, the method presented in Part I of this paper was extended to large-aperture data sets collected on the point targets. Specifically, the radio-frequency (RF) signals from large SAs were summed coherently across Tx channels to create focused Tx beams. The magnitude and the nearestneighbor normalized cross correlation were then computed across the resulting synthetic receive apertures. A kernel of 1.2 mm (two wavelengths) was used to compute the nearestneighbor normalized cross correlation. The two quantities were averaged over 3-mm depth around the axial location of the point target, and also between the overlapping parts of individual physical apertures. A relatively short axial averaging Fig. 2 . Photograph of the experimental setup taken during a transcostal acquisition. The 4z1c array is fixed in a transducer holder and its position is controlled via translation stages (not captured in the photo). A section of canine chest wall containing skin, fat, ribs, and connective tissue is placed directly underneath the array. The point-target phantom is fixed to the bottom of the tank using rubber suction cups.
range (compared with the in vivo acquisitions in Part I) was sufficient to yield clean estimates of magnitude and cross correlation of point-target signals. A moving-average window, three-by-three channels in size, was applied to the resulting quantities across the large SAs to further reduce the noise. Channels with an average magnitude of −9 dB or less (with respect to the maximum channel amplitude on the synthetic receive aperture) were classified as blocked.
To assess the impact of aperture size and blocked-element compensation methods on image quality, B-mode images of point targets were beamformed using either all or a subset of channels from the large SA data sets. Specifically, for the transcostal acquisitions, the images were beamformed in four ways as follows: 1) by coherent summation of all channels (referred to as the full-SA method); 2) by applying uniform weighting and coherent summation to the nonblocked channels only (SA with basic compensation); 3) by applying adaptive weighting, phase-aberration correction, and coherent summation to the nonblocked Tx/Rx channel pairs (i.e., SA with adaptive compensation); 4) by compounding (i.e., summing the envelope-detected signals) of the nonblocked intercostal subapertures. In particular, for the adaptive blocked-element compensation, phase-aberration correction was applied along with rescaling of the available Tx/Rx channel pairs to recover the attenuated spatial frequencies. The phase aberration correction method is described in Section II-D, while the adaptive reweighting scheme is presented in greater detail in Section II-E.
The PSFs created from the abdominal acquisition were used to assess the performance of the beamforming methods under aberrated, but unblocked imaging conditions. Due to the lack of blocked elements, only beamforming methods 1 and 4 were applied to the channel data. In 4, the subapertures used for compounding had shape of the intercostal subapertures with the adjacent blocked elements included from the first transcostal acquisition. For each tissue image, a matching control image was also created using the same subsets of channels from the corresponding water-path acquisitions. Image quality was characterized by full-width at half-maximum (FWHM) and SLLs of the PSFs, and by average clutter levels in the near field.
D. Arrival-Time Estimates
The large SA data sets collected on point targets through the ribs and abdomen were also used to estimate the shape and magnitude of the respective tissue-induced aberrations. The arrival-time profiles were estimated from the channel data using a least-squares method.
In the first step, focal delays were applied to the individualchannel signals to correct for geometric path-length differences in the direction of the point target. Each signal associated with a pair of Tx and receive channels could then be modeled as a delayed version of the transmitted waveform ψ, and corrupted with some additive noise
In (1), the signal s tx,rx is in its time-continuous form, δ tx,rx is a tissue-induced delay associated with the pair of Tx and receive channels, and chan accounts for random-noise due to channel electronics and reverberation. To find delays δ tx,rx , the discrete channel signals were cross-correlated with an estimate of the transmitted waveformψ that was obtained by beamforming the point target from the control experiment. The channel signals s tx,rx were temporally weighted by a decaying exponential centered around the estimated point-target depth in order to prevent peak-hoping and to improve the accuracy of arrival-time estimates. The time constant was chosen to be half of the period at center Tx frequency, or 200 ns. Based on the previous measurements [14] , [15] , tissue-induced aberrations rarely reach values higher than 200 ns.
A three-by-three-channel moving-average window was also applied across the synthetic Tx aperture to reduce the channel noise and improve cross-correlation estimates. For each signal, the delay δ tx,rx was then estimated as the time-lag corresponding to the maximum cross-correlation value.
The measured signal delays can be expressed in terms of individual delays on Tx and receive channels
In (2), t tx and t rx are the tissue-induced delays on associated Tx and Rx channels that need to be estimated, and d is a random delay error caused by noise in the cross-correlation estimate. The equations for all Tx/Rx channel pairs can be written in the matrix form as ⎡
where each row of model matrix M encodes a Tx/Rx channel pair, N is the number of Tx (or Rx 2 ) channels in the array, vectors d and contain all measured signal delays and associated errors, respectively, and vector t contains tissueinduced delays for each channel. The vector t was estimated via the least-squares solution
The (3) and (4) were applied at each of the five physical-aperture positions using the same reference waveformψ. For the transcostal acquisition, blocked channels were excluded from the arrival-time estimates. Arrival time estimates were also obtained for wavefronts propagating through a water/alcohol path only. These control estimates were subtracted from the tissue estimates to obtain true aberrator profiles.
E. Adaptive Reweighting of K-Space
To adaptively compensate for the blocked channels, the remaining Tx/Rx channel pairs were weighted to recover attenuated k-space frequencies (in the focal plane) and reduce associated sidelobes in the PSF. The weights were determined following the convolution model of k-space outlined by Walker and Trahey [16] : the spatial-frequency response of an imaging system to a point target located at the focus or in far field can be modeled as convolution of the system's Tx and Rx aperture functions.
In particular, if the transducer elements are assumed to be infinitesimal, for a single pair of Tx and Rx channels, the corresponding aperture functions and the resulting k-space response of the system can be written as
where x 1 denotes a coordinate in the aperture plane, and x 1,tx and x 1,rx are particular locations of the Tx and Rx channels in the aperture, respectively. W is the weighting constant that accounts for the sensitivity of the channels and target reflectivity, k x is the spatial frequency of interest in the focal plane (or in the far-field), and * is the convolution operator.
The k-space response of a multichannel system can be described as a sum of responses from the individual Tx/Rx channel pairs
where S tx,rx is rewritten as a function of sum of positions of Tx and Rx channels in the aperture, l, and k x = −l f c /2z f where f c is the center Tx frequency and z f is the focal depth. If the weighting constant W is assumed to be the same across the aperture, then the total system response S total (k x ) is proportional to the number of available Tx/Rx channel pairs at frequency k x . In a case of a missing (blocked) Tx/Rx channel pair, the lack of its k-space response can be compensated by rescaling the remaining channel-pair responses (at that frequency). In particular, the rescaling factor at the spatial frequency k x is computed as
where S available (k x ) and S total (k x ) are the k-space responses of the apertures with and without blocked channels, respectively. To determine the individual-channel-pair weights specific to the data-acquisition setup described in Section II-A, the k-space response of the large SA was reconstructed from the individual physical apertures by utilizing the shifting property of convolution [17] . First, blocked channels were detected following the procedure outlined in Section II-C. The blockedchannel maps for the individual apertures, which were created from the positions of blocked channels in the large SA, were then autoconvolved and their respective k-space responses were shifted according to
As stated in Section II-A, the shift amount x 1 in (8) was incremented by half-of-the-transducer length. The shifted k-space responses of the individual apertures were summed together to synthesize a large-aperture k-space response. The rescaling factor was determined at each spatial frequency of this response via (7), and was used to weight the RF signals of the corresponding Tx/Rx channel pairs. To ensure that the rescaled channel pairs were added in-phase and could recover attenuated frequencies, the arrival-time profiles estimated in Section II-D for the transcostal acquisition were applied to the nonblocked channels prior to summation.
III. RESULTS
A. Aperture-Domain Signals Fig. 3 shows channel amplitude and the nearest-neighbornormalized cross correlation for sample point-target acquisitions through the excised sections of canine ribs, abdomen, and for a control (point target) acquisition through a water path. Channel amplitude is displayed on the decibel scale with the dynamic range adjusted to indicate the presence of blocked elements. Cross correlation is displayed using a linear colormap with the dynamic range from 0 to 1.
Two dark regions span the elevation dimension in the amplitude and cross-correlation images created from the transcostal acquisition; they are attributed to two ribs blocking corresponding parts of the SA. The shape of the blocked regions is closely matched between the two images. Signal amplitude in the blocked regions is on average 8-dB lower than the amplitude recorded on the remainder of the virtual array. Overall, the amplitude and cross-correlation images created from the control and abdominal acquisitions display a significantly higher degree of uniformity than their transcostal counterparts. The lack of low values throughout the extent of the apertures implies that, in both the cases, echoes have been received on all channels without significant obstruction. Only a slight decrease in amplitude/cross correlation, possibly due to a piece of connective tissue or tissue with high attenuation, can be observed on the left side of SA for the abdominal data set.
The binary aperture map created by thresholding the channel amplitudes for the transcostal acquisition in Fig. 3 is shown in Fig. 4(a) . Channels with an average amplitude of −9 dB or less (with respect to the maximum channel amplitude on the synthetic 2-D aperture) are classified as blocked and are indicated in black. The chosen amplitude cutoff confines the blocked channels to two regions that are observed in the corresponding amplitude and cross-correlation images (Fig. 3) and which, combined, occupy about a third of the total SA.
The binary aperture map in Fig. 4 (a) was used to create the uncompensated and compensated k-space responses in Fig. 4(b) and (c), respectively. The k-space response of the equivalent SA without blocked channels is shown in Fig. 4(d) . In all spectra, the spatial-frequency axes are expressed in terms of shift indices associated with autoconvolution of the large 2-D aperture. All images are normalized by the maximum of the desired response in Fig. 4(d) , and are displayed using a linear color-map from 0 to 1. The elevation k-space response in Fig. 4(d) equals to the elevation response of a single 4z1c transducer, which is a triangle function. Assuming a linear system, the desired k-space response in the lateral dimensions is a sum of k-space responses of shifted, individual 4z1c transducers, and therefore has the shape of a trapezoid. In Fig. 4(b) , due to the presence of blocked channels, large regions of k-space experience significant attenuation compared with the desired spectrum. The k-space response in Fig. 4(c) is obtained after rescaling of the available Tx/Rx channel pairs in Fig. 4(b) in order to approximate the desired response in Fig. 4(d) . Due to the extended regions of blockage, at some spatial frequencies, there are no available redundant Tx/Rx channel pairs, and the holes in k-space remain.
B. Arrival-Time Profiles
Examples of arrival-time estimates for the wavefronts originating from a point target and propagating through the excised sections of ribs, abdomen, and water-path only are shown in Fig. 5 . The estimates are obtained across large SAs and from the same acquisitions used to create the images of channel data and the B-mode images in Sections III-A and III-C, respectively. For each acquisition, the synthetic receive aperture is composed of five overlapping physical-aperture positions and it spans 48 channels in the lateral dimension and 12 channels in the elevation dimension. The color of the arrival-time surface is mapped to the surface height with low negative values colored in dark blue and high positive values colored in bright red.
For the transcostal acquisition [ Fig. 5 (top) ], the blocked channels are omitted from the arrival-time profile following the binary map in Fig. 4(a) . The arrival-time surface over the intercostal spaces indicates a high-magnitude, low-frequency aberrator. The estimated aberrator for the abdominal wall [ Fig. 5 (middle) ] is of lower magnitude than its intercostal counterpart, except for the peak-estimate on the left side of synthetic array. Wavefront distortions due to propagation through the water path are minimal as seen in the control profile [ Fig. 5 (bottom) ]. The root-mean-square (rms) values of displayed arrival-time profiles are computed to be 58 ns for the transcostal acquisition, 24.8 ns for the abdominal acquisition, and 10.8 ns for the control acquisition at the Tx frequency of 2.5 MHz. For all acquisitions, there is a strong agreement between the arrival-time estimates from the overlapping aperture positions.
C. Compensated B-Mode Images
Examples of B-mode images of point targets reconstructed from the large SA data are shown together with the corresponding plots of near-field clutter magnitude in Figs. 6 through 11. The images and plots are created from the same transcostal and abdominal acquisitions as the images of channel amplitude and cross correlation in Fig. 3 . All B-mode images are reconstructed in the plane of transducer motion, along the lateral dimension at zero elevation coordinate (i.e., middle lateral slices), and are displayed with 50-dB dynamic range. In general, the elevation dimension of a matrix array allows for control of slice thickness, and the blockedelement compensation along the elevation dimension can have a significant impact on 2-D B-mode image quality. For the presented transcostal acquisitions, the elevation dimension of the synthetic array is parallel to ribs, so the blocked-element compensation is not expected to significantly affect the PSFs in this dimension.
Point-target images created from the transcostal acquisition and its corresponding control are presented in Fig. 6 . From left to right, the images from the transcostal acquisition are created as outlined in Section II-C. For all compensation methods, the blocked channels are identified and turned OFF following the maps in Fig. 4(a) . For the adaptive compensation method, phase-aberration correction is implemented using the arrival-time profile in Fig. 5 (top) . The control images (in Fig. 6 ) are beamformed using the same methods and subsets of channels as their corresponding transcostal images, but from the SA data acquired through a water-path only. Because the large aperture was synthesized from five partially overlapping individual apertures (rather than using a single, fully sampled array of equivalent size), the lateral k-space response of the imaging system has the shape of a trapezoid and the SLLs for the control acquisition are expected at about −16 dB. To facilitate comparison of the PSFs across beamforming methods and aperture sizes, the corresponding beamplots at the point-target depth are presented in Fig. 7 . The values of the FWHM and SLL are reported for all PSFs in Table I .
The PSFs created from the transcostal acquisition show significantly higher SLLs and larger effective FWHM than their control counterparts. In particular, for the transcostal full-SA PSF, SLL increases by 15.1 dB and FWHM increases by a factor of 6.2 compared with the control PSF. Such a large increase in the effective width of the full-SA PSF is due to high sidelobes in the transcostal image. As indicated in the corresponding beamplot (Fig. 7) , SLL is higher than −6 dB, which causes the effective width of the function to significantly exceed the width of its main lobe. When the uniform channel-weighting is applied to the transcostal data, the SA images created with and without blocked channels look almost identical [ Fig. 6 (top row) and Fig. 7 (left) ]. When the same channels are turned OFF for the control acquisition, SLL rises by 11.3 dB [ Fig. 7 (right) ], which indicates that aperture sparsity is the main mechanism of the PSF degradation in the presence of blocked elements. For both data sets, the adaptive compensation (i.e., phase-aberration correction in combination with k-space rescaling) significantly reduces SLL induced by aperture sparsity, from −6.3 to −18.9 dB for the control acquisition, and from −2.5 to −7 dB for the transcostal acquisition.
For the transcostal acquisition, the PSFs created from the second intercostal subaperture and from the SAs with uniform weights applied have similar effective FWHM, meaning that without adaptive compensation, the −6-dB lateral resolution does not improve with aperture growth across the ribs. For the control acquisition, the full SA PSF is 3.8 times narrower than the middle subaperture PSF.
Point-target images reconstructed from the SA acquisition through the sample of abdominal wall and from the matching Fig. 5 . Two-dimensional arrival-time profiles from a point target estimated with large SAs during a transcostal acquisition (top), an abdominal acquisition (middle), and a control acquisition (bottom). For all acquisitions, the SA is composed of five overlapping physical-aperture positions, and it spans 57 mm in lateral and 14 mm in elevation dimension. Color of the arrival-time surfaces corresponds to the surface height with low negative values colored in dark blue and high positive values colored in bright red. The colorbar in the bottom plot shows the dynamic range used for all surfaces. x-and y-axes are in units of aperture channel numbers, while z-axis is expressed in seconds. For the transcostal acquisition, blocked channels (as indicated in the binary map in Fig. 4) are excluded from the arrival-time estimates resulting in surface discontinuities. Arrival-time estimates on the remaining channels indicate that aberrations due to the intercostal spaces are dominated by low spatial-frequency components and are more severe than aberrations induced by the abdominal wall. For all acquisitions, there is strong agreement between the arrival-time estimates from the overlapping individual-aperture positions.
control acquisition are shown in Fig. 8 . For both acquisitions, the images are reconstructed from left to right, by summing all channel signals coherently (SA image), by summing signals from the middle part of the SA only (single-aperture image), and by compounding. The shape of subapertures used to create the single-aperture and compounded images matches the intercostal spaces, plus the adjacent blocked channels, from the first transcostal acquisition. This allows for a direct comparison between the point-target images generated from the abdominal and transcostal acquisitions. The corresponding beamplots are shown in Fig. 9 .
The PSFs created from the abdominal acquisition show small changes compared with their matching control images; SLL changes are within 5 dB while the main lobe width Fig. 6 . B-mode images of point targets created with and without different blocked-element compensation schemes applied to the channel data from the transcostal (top) and control acquisitions (bottom). To beamform compensated images, the blocked channels are selectively turned OFF in both Tx and Rx apertures following the maps in Fig. 4 . For the control acquisition, point-target images are beamformed using the same methods and subsets of channels as for the transcostal acquisition. The PSFs created from the transcostal acquisition show higher sidelobes and are wider than their control counterparts. For the transcostal acquisition, turning OFF the blocked channels does not significantly alter the shape of the SA PSF. For both data sets, adaptive blocked-element compensation significantly reduces sidelobes induced by aperture sparsity. Compounding also reduces sidelobes but at the expense of increased main lobe width for both acquisitions. All images are displayed with 50-dB dynamic range. Fig. 7 . Beamplots created from the 2-D PSFs in Fig. 6 , for the transcostal acquisition (left) and for the corresponding control acquisition (right). For the transcostal acquisition, the SA beamplots created with and without blocked channels look almost identical if uniform weighting is applied. Sidelobes of these beamplots are higher than −6 dB and their effective width is comparable to the width of the corresponding single-aperture and compounded beamplots. For the control acquisition, turning OFF channels without compensation raises sidelobes to −6.3 dB. For both data sets, adaptive compensation effectively reduces SLLs caused by aperture sparsity.
increases at most by a factor of 1.2. For both acquisitions, the main lobe is the narrowest in the SA image while the singleaperture and compounded images display a similar main lobe width. The main lobe width from the single-aperture image decreases by a factor of 3.4 for the control acquisition and by a factor of 2.7 for the abdominal acquisition when the SA is used.
The FWHM and SLL of the PSFs in Figs. 6 and 8 are reported in Table I , along with the PSFs created from the second transcostal acquisition and its corresponding control. Due to different tissue-sample geometries, the point targets were not imaged at the same depth, so the reported FWHM values cannot be compared directly across the tissue acquisitions. Nevertheless, a strong agreement can be observed between the two transcostal acquisitions regarding the trends across the beamforming methods. All transcostal PSFs, except for the SA PSF created with adaptive compensation, are significantly wider than their control counterparts. Furthermore, the noncompensated PSFs are almost of the same width as the PSFs formed using basic blocked-element compensation, while the adaptive compensation decreases the effective PSF-width closer to the nonblocked levels. The PSFs created from the abdominal acquisition are only slightly wider than the corresponding control PSFs, and show significantly lower SLL compared with their transcostal counterparts. The average magnitude of clutter caused by propagation through the samples of chest wall and abdomen is plotted as a function of depth in Figs. 10 and 11 , respectively. The clutter levels are measured from the same acquisitions used to create the PSFs in Figs. 6 (top row) and 8 (top row), except the measurements are taken over the range of depths between the tissue sample and the point target, where the wavefront propagates through the water/alcohol mixture only. The signal magnitude over this region is averaged along the lateral dimension. All plots are normalized by the maxima of the corresponding PSFs and are displayed on the decibel scale.
In all the cases, clutter levels decrease with depth. For the transcostal acquisition (Fig. 10) , the average clutter magnitude in the uncompensated image decreases from −17 dB at 25-mm depth to −35 dB at 70-mm depth. When the blocked elements are turned OFF and the remaining elements are coherently summed (i.e., the basic compensation and adaptive compensation methods), clutter is reduced by about 5 dB compared with the uncompensated image, at all depths. When the blocked elements are turned OFF and the (nonblocked) intercostal subapertures are compounded, clutter level decreases by 3 dB on average (relative to the uncompensated image). For the ex vivo abdominal acquisition (Fig. 11) , the clutter levels are generally low, not exceeding −40 dB at 20-mm depth and monotonically decreasing. Similar to the transcostal acquisition, clutter magnitude is higher in the compounded image (by about 5 dB) than in the SA image created from the same-size subapertures. The SA and single-aperture images display similar levels of clutter suggesting that clutter magnitude remain constant for the growing aperture in transabdominal imaging.
IV. DISCUSSION
A. Blocked-Element Detection in Large Coherent Apertures
The PSFs and the arrival-time profiles demonstrate that large Tx and receive apertures have been successfully synthesized from the individual transducer apertures at different lateral positions. The full-SA PSFs created from the control acquisitions are symmetric and display reduced main lobe width when compared with their individual-aperture counterparts (Figs. 7 and 9 ). In addition, for all acquisitions, there is a strong agreement between the arrival-time estimates obtained from the overlapping parts of individual apertures (Fig. 5 ). Both observations confirm correct spatial registration of the individual transducer apertures and adequate geometric delays applied to all channel signals.
The blocked-element detection algorithm introduced in Part I of this paper has been successfully applied to large SAs used to image through rib samples ex vivo. The largeaperture binary map in Fig. 4(a) , which was created by thresholding the element-amplitude image for the transcostal acquisition in Fig. 3 , conveys the extent of the regions blocked by bone. On the other hand, the channel amplitude and cross-correlation images created from the abdominal and control acquisitions display relative uniformity in the absence of acoustic obstacles (Fig. 3) ; thresholding them did not discriminate any blocked-signal features on the 2-D aperture.
The intercostal spacing and the size of canine ribs estimated from the blocked-element maps are similar to sonographic measurements of the human rib cage reported in the literature. In a study on 466 patients, Kim et al. [18] measured the intercostal spaces and the rib width at six different locations along the rib cage. The average intercostal spacing varied from 14.5 to 19.7 mm depending on the location, while the average width of the corresponding ribs varied from 13.2 to 15.2 mm. The estimates of intercostal spacing and rib width from Fig. 4(a) range between 15 and 20 mm, and between 8.4 and 12 mm, respectively. A 3-by-3 movingaverage window used to reduce noise in the blocked-element maps also blurs boundaries of the blocked regions leading to a small uncertainty in the above-mentioned estimates. Depending on the choice of the amplitude cutoff value, width of the blocked regions can vary by a few elements (or 1-2 mm). This is expected to have only a marginal effect on the performance of the proposed compensation methods. Fig. 8 . Point-target images created using different subsets of channels from a large SA data set collected through the abdominal wall ex vivo (top) and from the data collected in the corresponding control acquisition (bottom). The images reconstructed from the abdominal acquisition display slightly higher SLLs than the corresponding control images. For both acquisitions, the middle (sub)aperture and compounded images show increased main lobe width compared with the full-SA images. All images are displayed with 50-dB dynamic range. Fig. 9 . Beamplots created from the 2-D PSFs in Fig. 8 , for the abdominal acquisition (left) and for its corresponding control acquisition (right). While beamplots created from the abdominal acquisition appear asymmetric and distorted compared with their control counterparts, the main lobe width and the SLLs do not change significantly between the two acquisitions. For both acquisitions, the compounded and single-aperture beamplots have similar main lobe width; the beamwidth is the smallest for the SA plots.
B. Image Degradation Due to Blocked Elements
Comparing clutter levels and the PSFs across different tissue acquisitions (and their respective controls) indicates that ultrasound propagation through the chest wall causes more image degradation than propagation through the abdomen. When no compensation is applied, reverberation clutter due to chest wall is measured to be approximately −20 dB at 2 cm away from the tissue, and is 20-30 dB higher, depending on the depth, than its abdominal counterpart (Figs. 10 and 11) . Furthermore, comparing the uncompensated transcostal PSFs to the full SA PSFs from the matching control acquisitions, SLL increases by as much as 15.1 dB, putting it above −6 dB for both transcostal acquisitions ( Fig. 7 and Table I ). As a result, the effective FWHM of the uncompensated transcostal PSFs is about six times larger than their main lobe width, and than the FWHM of the above-mentioned control PSFs. In contrast, wave propagation through the abdomen causes sidelobes (of the full SA PSF) to increase by 5.4 dB and the FWHM to increase by a factor of 1.2 ( Fig. 9 and Table I ).
Sparsity of the aperture due to blocked elements is estimated as a dominant source of high SLL for the transcostal acquisitions. To isolate the degradation of focus due to aperture sparsity from the effects of phase aberration, reverberation, and other sources of acoustic noise, the blocked-element map in Fig. 4(a) was used to turn OFF channels in the corresponding control acquisition. The resulting increase in SLL is 11.3 dB, which makes up majority of the total increase in SLL measured for the transcostal acquisition (15.1 dB) (Figs. 6 and 7 and Table I ). For the imaged rib configuration (and the resulting distribution of blocked elements), the appearance of two sidelobes of such high magnitude is consistent with the simulation and ex vivo results presented in [19] and [4] . In particular, according to simulations results in [19] , when an aperture captures multiple ribs and width of a rib and the intercostal space are almost identical, three maxima are observed in the beampattern, one at the focus and one at each side. The side peaks are estimated at −4 dB.
For large arrays that employ conventional beamforming, aperture sparsity due to periodic rib structure can forfeit expected improvements in resolution. A single-intercostalsubaperture PSF shows 13-dB higher SLL and 1.3 and 1.45 times higher FWHM for the first and second transcostal acquisitions, respectively, compared with full SA PSF ( Fig. 7 and Table I ). In contrast, for the abdominal acquisition, in the absence of blocked elements, the decrease in FWHM is comparable to the increase in overall aperture size, while SLL does not change significantly in the process. Comparing the PSF reconstructed from the center third of the (synthetic) array to the full SA PSF, FWHM decreases by a factor of 2.7, while SLL stays close to −20 dB (Fig. 9 and Table I ).
C. Impact of Phase Aberration
While phase aberration due to intercostal spaces is not the main contributor to the loss of focus quality in transthoracic ultrasound, our results in Fig. 5 indicate that it is significantly stronger than phase aberration caused by the abdominal layers.
The rms values of arrival-time profiles in Fig. 5 are 58 ns for the transcostal acquisition and 24.8 ns for the abdominal acquisition. The rms arrival-time value obtained for the transcostal acquisition is much larger than the average rms value of 21.3 ns reported by Hinkelman et al. [14] . In addition to using different types of tissue for the ex vivo measurements (canine versus human chest-wall samples), the discrepancy in the results can be explained by the choice of tissue regions over which the arrival-time profiles are reconstructed in each study. The arrival-time estimates in Fig. 5 are particularly large near the blocked channels reaching extrema of ±100 ns, which can be attributed to cartilage and connective tissue surrounding the bone. In [14] , the receive apertures are windowed specifically to omit areas over bone and costal cartilage, and to isolate distortions introduced by soft-tissue inhomogeneities. As most of the arrival-time measurements are made closer to the centers of intercostal spaces, the average rms value of the profile is lower.
D. Efficacy of Compensation Methods
We have demonstrated that the adaptive blocked-element compensation (i.e., phase-aberration correction in combination with k-space rescaling) has a potential to reduce near-field clutter and restore point-resolution of large apertures in the presence of blocked elements. Turning OFF blocked channels in Tx and receive apertures reduces clutter noise in transthoracic images by as much as 5 dB, when the (nonblocked) intercostal subapertures are coherently summed (Fig. 10) . This is supported by the in vivo results from Part I of this paper. As shown in Figs. 9 and 10 and Table I , turning OFF blocked elements in the receive apertures during the transcostal liver scans reduces clutter inside of liver vessels, and improves vessel contrast and CNR by 19.2% and 10% on average, respectively. Furthermore, in the presence of aperture sparsity, adaptive weighing of the nonblocked channels rescales the attenuated k-space frequencies and reduces SLL by 4.5 and 3.1 dB for the first and second transcostal acquisition, respectively, and by 12.6 and 5.4 dB for their matching control acquisitions (Fig. 6 and Table I ). For the first transcostal acquisition, decreasing the SLL below −6 dB (to −7 dB in this case) restores the effective width of the PSF to the FWHM of its main lobe, which implies a sixfold improvement in lateral resolution (Table I) .
The performance of the adaptive compensation method is analyzed for a particular set of imaging conditions (such as orientation of the ribs, type of imaging target, and so on), but the results can be extended to alternative imaging scenarios. In particular, while the above-mentioned results were obtained for a point target, the adaptive weighting scheme is expected to recover system response when the signals originate from diffuse scatterers as well. Because the k-space weights are computed from the binary blockedelement maps, they are robust to local variations of the signal. The results of Part I show that blocked elements can be detected using signals from diffuse targets if the channel amplitude and nearest-neighbor cross correlation are averaged through depth (over multiple speckle realizations). Furthermore, the average amplitude of diffuse targets in k-space is the same as that of point target [16] . While rescaling of the nonblocked Tx/Rx channel pairs would change amplitude of speckle at a particular location, it is expected to recover the average system response measured over many speckle realizations. The phase of the k-space spectrum of diffuse scatterers is random and would remain intact in the process [16] . As a result, the first and second-order speckle statistics of the compensated image should be the same as in the image formed using an unobstructed aperture.
Furthermore, for the presented transcostal acquisition, the ribs are aligned in the elevation dimension of the array, so the blocked-element compensation does not significantly affect the PSF in this dimension. For a diagonal orientation of ribs (with respect to lateral and elevation dimensions of the array), high SLL are expected along both lateral and elevation dimensions of the PSF. If the blocked area of aperture is not too large so that there are remaining (nonblocked) Tx/Rx channel pairs at all spatial frequencies, the adaptive compensation will significantly reduce these sidelobes. In particular, from the transcostal acquisitions presented herein, it appears that if the total blocked area is not larger than a third of the aperture, the signal could be recovered at most spatial frequencies (Fig. 4) . By reducing sidelobes that are initially higher than −6 dB, the adaptive compensation also has a potential to reduce the effective FWHM in both dimensions of the PSF, thus improving lateral resolution and decreasing slice thickness of transcostal 2-D scans.
Our initial results for the adaptive blocked-element compensation are promising, but to apply the proposed technique in vivo, the following challenges would likely have to be addressed. First, the k-space compensation is sensitive to the presence of acoustic noise, as indicated in Fig. 6 . Because of tissue-induced noise on the nonblocked elements, sidelobe reduction via k-space rescaling is not as effective for the ex vivo transcostal acquisitions as it is for the matching controls. High levels of in vivo clutter are likely to introduce even stronger random variations in the amplitude spectrum [16] , [20] , making it more challenging to approximate its desired shape and reduce sidelobes. Second, in vivo phase-aberration correction, which is a part of adaptive compensation, would likely have to be performed on diffuse targets and in the presence of clutter. The arrival time maps in Fig. 5 are obtained using echoes from the point target, which show high coherence across the aperture. Speckle targets exhibit partial coherence and can be significantly corrupted in the presence of clutter, making it more difficult to estimate tissue-induced delays.
Other compensation methods presented in this paper yield partial improvements of image quality. When the blocked channels are turned OFF and the nonblocked channels are uniformly weighted (i.e., the basic compensation), the near-field clutter is reduced, but the PSFs remain virtually unchanged. This can be attributed to lower signal amplitude on the blocked channels (compared with the rest of the aperture); while turning OFF those channels will reduce the noise level, it will not significantly impact the shape of higher amplitude main lobe and sidelobes. Compounding the intercostal subapertures results in partial reduction of clutter; measured decrease in average clutter level for the transcostal acquisition in Fig. 10 is about 3 dB. However, speckle/noise texture in the compounded images appears smoother than in the matching SA images. In addition, compounding the associated PSFs reduces sidelobes significantly, and only at the slight expense of the effective FWHM. Comparing the compounded PSFs to their uncompensated counterparts, SLL decreases by no less than 16 dB while the effective FWHM increases at most by a factor of 1.4 (Table I) .
The observed changes in the clutter levels and of the PSF due to compounding of the intercostal subapertures are supported by the findings in the literature. While compounding is not expected to improve the resolution significantly beyond that of the individual (subaperture) images, it is expected to increase the speckle SNR; compounding N independent speckle realizations increases the speckle SNR by a factor of √ N [21] . In a similar manner, the clutter magnitude is expected to be higher in a compounded image than in the SA image beamformed from the same subapertures. This is due to the fact that the incoherent summation of ultrasound signals is always larger than their coherent summation, except for the case of a point target at the focus, when all the individualchannel signals are in-phase and the two quantities are equal.
V. CONCLUSION
The blocked-element detection and compensation methods described in Part I were successfully realized on large coherent 2-D apertures while imaging through the excised sections of canine chest wall. We also demonstrated an adaptive blockedelement compensation technique that has a potential to reduce reverberation clutter and restore resolution of large arrays in transcostal imaging.
The elements blocked by ribs were detected by thresholding the average amplitudes of their signals. Synthetic Tx and receive data was then used to implement different compensation schemes offline, and to estimate the individual sources of image degradation in transthoracic ultrasound. As a reference, some of the beamforming schemes were also applied to SA data collected through a section of canine abdomen, in the absence of acoustic obstacles. Ultrasound propagation through the chest wall results in higher clutter levels and increased loss of focus quality compared with propagation through the abdomen. Phase aberration due to intercostal spaces and a periodic distribution of blocked elements (i.e., aperture sparsity) both degrade the transcostal PSF, but the latter is the main cause of excessively high SLL and can diminish the expected improvements in resolution with large apertures.
As a part of compensation, turning OFF the blocked elements reduces image clutter as predicted by the in vivo results in Part I of this paper. Adaptive weighing of the nonblocked elements to rescale the attenuated spatial frequencies reduces SLL, and has a potential to restore the resolution to the nonblocked levels. The adaptive compensation method is sensitive to the presence of acoustic noise and should be used in combination with the phase-aberration correction (and/or other noise-reduction techniques) to ensure efficient sidelobe reduction.
